The induction of chirality in achiral liquid crystalline azoaromatic polymers with circularly polarized light (CPL) has been studied on well-defined macromolecular derivatives with different molecular structures, synthesized by atom transfer radical polymerization (ATRP). Two methacrylic homopolymers have been investigated: a linear and a three arms star polymer. Both the polymeric samples are featured by low polydispersity and similar average polymerization degree, so that structure-properties correlations are made possible. Irradiation with CPL of one handed rotation sense of casted films and a planar cell of these polymers in the glassy nematic phase allowed to ascertain by UV-Vis and CD spectroscopy the formation of a supramolecular chiral structure with high chirality induced into the material. The results are interpreted in terms of the structural features of the polymers.
Introduction
Azobenzene containing polymeric systems are well known for their photochromic properties related to the trans-cis-trans photo-isomerization of the azochromophore, and have been proposed for reversible data storage, signal modulation and switching [1] .
The induction of helical polymers has been the subject of intensive research not only because of its potential applications in chiroptical switching, reversible optical storage [2] [3] [4] [5] [6] chiral amplification [7] and chiral discrimination [8] , but also its possible occurrence at the early stages of life on earth [9] .
Optically active polymers containing a chiral group and an azobenzene chromophore show a well-pronounced CD signal in the absorption region of azobenzene, demonstrating that the chiral center induces a predominant helical screw sense in the polymer both as film and in solution [10] [11] [12] .
Nikolova and co-workers in films of liquid-crystalline cyanoazobenzene polyesters [13, 14] . Upon illumination with CP light at 488 nm, the films are provided with an unusually strong optical activity, which has been monitored by using a probe beam at 632.8 nm: right circularly polarized (r-CP) pump radiation induces right-hand rotation of the probe beam polarization, the reverse being observed with left circularly polarized (l-CP) pump light. In a first report, [13] the authors suggested that the observed effect may be initiated by a transfer of angular momentum from the CP light to the azobenzene chromophores. Being attached to the polymer backbone, the mesogenic azo groups cannot freely rotate and the transfer of angular momentum leads to a new ordering of the chromophores inducing chirality of the whole structure with a screw sense that depends on the handedness of the exciting CP radiation. The authors then suggested that the observed phenomena are related to the presence of liquid-crystalline (LC) ordering (smectic-A phase) in the polymer films prior to irradiation. Analogous results have been found for an amorphous cyanoazobenzene methylmethacrylate copolymer previously ordered by illumination with linearly polarised light [15] . In a further work, Nikolova et al. discovered a selfinduced rotation of the azimuth of elliptically polarized (EP) light on passing through films of photobirefringent azopolymers [16] , the experimental results being explained by analysis of the propagation of EP radiation in a photobirefringent medium. The EP light propagating through the sample was found to induce an optical axis that gradually rotates along the propagation direction, thus inducing a chiral orientation of the azobenzene chromophores with the same sense of rotation as that of the input light electric vector. The whole film assumes a chiral structure similar to that found in cholesteric liquid crystals with large pitch.
The control of chirality with CPL on films of a new liquid-crystalline nitroazobenzene methyl-methacrylate polymer has also been achieved by Natansohn and coworkers [17] . The films were annealed to produce a liquid-crystalline smectic-A phase that was maintained at room temperature. The authors found that, by irradiation with CPL at 514 nm, the initially achiral films became chiral and showed strong circular dichroism (CD) in the UV-Vis region. The CD spectra of two different films, one irradiated with r-CP and the other with l-CP light, exhibited opposite signs and were virtually mirror images of each other. In contrast, the amorphous films (not annealed) did not show any induced circular anisotropy, thus pointing out the essential role of the LC arrangement. The authors suggested that the original circular polarization of the incoming light is made elliptical by the first layers of the smectic domains of the film. On the basis of the model proposed by Nikolova et al. [16] , the EP radiation that propagates into the film produces a progressive rotation of the optical axis of each LC domain, resulting in a supramolecular helical arrangement of the smectic domains to form an organization similar to a twisted grain boundary (TGB) phase. In particular, they reported that the sense of the helical structure is congruent with the sense of rotation of the electric vector of the pump radiation.
According to Kim [18] , chirality can be induced also in amorphous epoxy-based sidechain azopolymers by illumination with one handed EP light.
In this context, we reported the first example of chiroptical switches obtained by direct irradiation only with r-or l-CPL of native thin films of chiral polymethacrylates containing azoaromatic moieties in the side-chain, in the absence of preliminar alignment with linearly polarized (LP) light [19] [20] [21] .
Hore et al. reported the observation of a selective circular Bragg reflection in CD spectra of a nematic glassy thin film (100 nm thick) of a side-chain LC azopolymer irradiated with CPL, which was assigned to the structure produced by superposition of the forward-propagating wave and the back-reflected wave [22] .
More recently, Tejedor et al. discussed the influence of LC structures and detected a circular Bragg reflection in thin films (200 nm) of achiral glassy nematic azopolymers [23, 24] but not in a homologous smectic one [23] irradiated with CP light of opposite sign.
From all these investigations it appears that polymeric samples with a well-defined structure are needed for a better understanding of the structure-properties correlation; hence, derivates with a carefully selected molecular mass and low polydispersity are required. This goal can easily be achieved by use of a controlled polymerization procedure such as atom transfer radical polymerization (ATRP) which gives the possibility also to obtain polymeric derivatives with structure of the star branched type.
Herein, we report a comparison between the different behaviour of linear and star shaped liquid crystalline polymers under irradiation with CPL aimed at a better understanding of the role played by the macromolecular structure in the photoinduction of chiral supramolecular arrangement. In particular, we have considered two homopolymers, depicted in Fig. 1 : a linear one, poly(4-ω-methacryloyloxy-hexyloxy-4'-ethoxyazobenzene) {Poly[M6A]-24} [25] and a related three-arms branched macromolecular derivative, star(4-ω-methacryloyloxyhexyloxy-4'-ethoxyazobenzene) {Star[M6A]-24} [26] , obtained by ATRP of monomer 4-ω-methacryloyloxy-hexyloxy-4'-ethoxyazobenzene (M6A) in the presence of allyl 2-bromoisobutyrate, or 1,3,5-(2'-bromo-2'-methylpropionato)benzene, as the mono-or trifunctional initiator, respectively. These polymeric materials display LC behaviour and give glassy nematic thin films. The chiroptical properties of the films after
irradiation with r-CPL and/or l-CPL were investigated in detail by CD spectroscopy and their dependence on the macromolecular structure discussed.
Results and discussion

General properties of the polymeric products
The living character of the ATRP process of monomer M6A yields polymers with well defined structures, average molecular weight and similar average polymerization degree ( X n ) for each branch of the star shaped derivative. With the aim of studying their LC properties, the polymeric derivatives have been characterized by differential scanning calorimetry (DSC) and polarized optical microscopy (POM). The smectic (S A1 ) and nematic (N) liquid-crystalline phases have been identified by POM observation of their typical optical texture and confirmed by comparison of their DSC traces with those of linear Poly[M6A] with M w = 74000, M w / M n = 1,9, previously obtained by AIBN-initiated free radical polymerization, extensively studied by DSC, POM, and X-ray diffraction [27] . The phase-transition temperatures determined by DSC are summarized in Tab. 1: both the macromolecules display on heating a glass-transition temperature (T g ), a smectic-tonematic transition endotherm (T S→N ) and finally an isotropization transition (T i ). In all cases, on cooling, the latter transitions show a modest degree of supercooling (4-7 °C), whereas this effect is much pronounced for the smectic-nematic transition and a stable glassy nematic mesophase can be obtained and maintained at room temperature by quenching the polymeric sample from the temperature range of the liquid crystal phase.
XRD characterization
With the aim of verifying the type of mesophase and confirming that the LC structures are the same for the linear and the star polymers, the two derivatives have been analysed by X-ray diffraction (XRD) and compared with the similar Poly[M6A]-AIBN [27] . The samples have been investigated in the glassy smectic phase in order to observe any difference in the layer spacing. To develop a smectic mesophase, the samples were submitted to a thermal treatment consisting of a heating cycle above the T i , followed by cooling at 10 °C/min to a temperature between the T S→N and the T g and a final annealing for one hour. The XRD diffraction patterns of the annealed samples are characteristic of a smectic phase (Fig. 2) . They contain two scattering maxima: the first, at low angles, is sharp and related to the layer spacing of the smectic phase; the second, at high angles, is broad and diffuse, and corresponds roughly to a distance of 4.4-4.5 Å, related to the liquid-like lateral interaction between the azoaromatic chromophores. In the absence of annealing at the smectic temperature the mesogens cannot organize themselves in the layer structure and the XRD diffraction pattern shows only the presence of a glassy nematic phase. Comparing the measured layer spacings in the smectic mesophase, 28,5±0,5 and 26,4±0,5 Å for Poly[M6A]-24 and Star[M6A]-24, respectively, with the predicted monomer length of 30 Å, as assessed from Dreiding stereomodels for a fully extended conformation, it is evident that the experimental measurements are consistent with a single-layer smectic A (S A1 ) mesophase, without significant differences in layer periodicity between Poly[M6A]-24 and Star[M6A]-24. Therefore the liquid crystal phase structure appears unaffected by the presence of branching in the macromolecules.
UV-Vis properties
The UV-Vis absorption spectra in CHCl 3 solution (Fig. 3 ) of all the investigated polymers, as well as the monomer M6A, exhibit, in the 250-650 nm spectral region, two bands related to the n * and * electronic transitions of the azobenzene chromophore in trans-configuration with maxima centered at about 360 nm (ε ≈ 28000 L mol -1 cm ), respectively [28] , qualitatively and quantitatively independent by branching within the limits of the experimental error. The symmetry of the absorption band at 360 nm provides evidence that the azoaromatic chromophores in solution are essentially isolated.
The UV-Vis spectra of thin films of the synthesized polymers prepared by casting from dichloromethane solution over clean slides of fused silica have also been investigated in the 200-600 nm spectral range (Fig. 3) : they display the typical * and n * electronic transitions of the azoaromatic isolated chromophore centered at around 360 nm and 440 nm, respectively, and an additional band centered at 248, nm associated with the * transition of the single aromatic ring.
The absorption band of the * azoaromatic transition becomes broader in the films, with two additional shoulders at 340 and 380 nm, related respectively to the formation of H-aggregates (blue shift) and J-like (red shift) aggregates [29] imposed by the structural constraints of the macromolecules in the solid state. By inspection with POM, the virgin films at room temperature appear optically isotropic, without any birefringence and scattering. In order to develop the mesophase, a thermal treatment has been made consisting of heating above the clearing point temperature (T i ) for 5 minutes followed by annealing for 15 minutes at lower temperature (T annealing /T i of about 0.7). This treatment allows to obtain the presence of a glassy nematic liquid crystalline phase, as confirmed by POM.
The UV-Vis spectra of annealed films result similar to the spectra of the corresponding as prepared casted films (Fig. 3) , with a broadening of the longwavelength side and a minor presence of H-aggregates (band at 340 nm). This can be related to more ordered dipolar intra-and inter-chain interactions that the chromophores experience in the nematic phase compared to those in solution and in the amorphous solid state. In particular, the decrease in the → * band can be interpreted as being due to aggregation of the azobenzene fragment, which possesses elevated anisotropy [30, 31] , while the → * band at 248 nm of the single aromatic ring, not influenced by orientation, remains unchanged. The absorbance at longer wavelengths never reaches zero, this behaviour being associated with light scattering due to the formation of the birefringent domains of liquid-crystal phase upon annealing.
The UV-Vis spectrum of Poly[M6A]-24 in thin film after annealing and illumination with l-CPL with an Ar+ laser (power = 20 mW cm -2 ) at 488 nm for 30 min is presented in Fig. 3 . The irradiation does not change the shape of the spectrum of the annealed sample, similar UV spectra being obtained by irradiation with r-CPL as well as from Star[M6A]-24 samples. These results suggest that the dipolar azoaromatic aggregations (H-and J-aggregation) in the nematic liquid crystalline phase remain substantially unaffected by CPL irradiation.
Chiroptical properties and photoinduced switching of supramolecular chirality
Whereas the UV-Vis spectra of irradiated polymers are similar to the spectra of corresponding annealed films (Fig. 3) , the related CD spectra, silent before irradiation, now show the presence of high chirality. No linear dichroism was observed before and after irradiation by comparing several CD spectra recorded at different angles around the light beam. ) at 488 nm for 30 min, exhibit a high, asymmetric, exciton couplet centred around 335 nm which does not strictly coincide with the maxima of the UV-Vis absorption bands (Fig. 4) . The positive band appears of higher intensity and displays a shoulder around 366 nm associated with the electronic transitions of the isolated azobenzene moieties. The crossover point of this couplet is close to the electronic transition associated to chiral H-aggregates (340 nm) and is interpreted as originating from the overlapping of the exciton splitting CD band (H-aggregates) with a positive CD band having its maximum at 380 nm, corresponding to the maximum absorbance of the J-aggregated chromophores [23] .
Moreover, the CD spectrum of the irradiated films shows a sharp negative band at 492 nm due to a Bragg selective reflection of a helical organization [22] [23] [24] . This behaviour is similar to the selective reflection of a chiral nematic mesophase with a helix pitch due to induced cholesteric mesophase [32, 33] . Recent calculations by Takezoe et al. [34] of the shape of a Bragg reflection of a helix pitch larger than the film thickness, reported that a reflection at 492 nm means a helix pitch of 312 nm, much larger than the film thickness of our samples, which is around 200 nm. Under this condition, only a broad reflection should be seen. However, Tejedor et al. [24] observed a photoinduced iridescent green reflection of a glassy nematic azopolymer filmed over a planar wedge cell.
In order to confirm this result and investigate the change in the macroscopic optical properties and optical textures of Poly[M6A]-24 irradiated with CPL, a 4 m cell with an aligning layer for planar orientation was filled with the polymer. A portion of the cell was irradiated and the other part masked in order to avoid photoisomerization.
After irradiation the initial orientation of the mesogenic units vanished and, aligning the polarizer along the alignment direction, a bright selective reflection, related to the sharp signal at 492 nm, can clearly be seen (Fig. 5 ). This is a further confirmation of induced helical organization of the chromophores [24] . Therefore, the presence of high ellipticity values and of selective Bragg reflections demonstrates the presence of a supramolecular chirality with a prevalent handedness similar to a chiral nematic phase.
According to the chiral exciton coupling rules [17, 22] , the CD spectrum of Poly[M6A]-24 suggests that l-CPL induces left-handed screw sense of the supramolecular azobenzenic structure. When the handedness of the pump beam was switched from left to right and the irradiation was maintained for 30 min, a similar but opposite CD spectrum was obtained (Fig. 4) . The resulting CD spectra are the mirror images of each other. Also, the sign of the selective reflection, in accordance with the optical behaviour of ideal helices, changes sign switching between a positive reflection after irradiation with l-CPL and a negative value for irradiation with r-CPL. This suggests that the interconversion of two enantiomeric supramolecular structures can be easily obtained by changing the CPL handedness.
The CD spectra of the irradiated nematic Star[M6A]-24 display similar behaviour, but lower ellipticity values than the CD spectra of irradiated Poly[M6A]-24 of same thickness (Fig. 4) . In fact, the integrated area values of the CD spectra indicate that the exciton couplet of the star polymer is about the 2/3 of that one of the linear polymer.
The above observed difference appears to be due to the different structure of the polymeric samples and not to differences in the starting LC phase as demonstrated by XRD. It thus appears that the branching of the macromolecular chain acts as a defect in the liquid crystalline phases, leading to a less ordered chiral supramolecular structure with lower chirality. Anyway, the position of the exciton couplets and the position and intensities of the reflection at 492 nm are unaffected by the molecular structures of both the star and the linear polymer.
Conclusions
The induction of chirality into achiral liquid crystalline azopolymers has been investigated by irradiation with left of right circularly polarized light on monodisperse linear and three arms star polymers obtained by ATRP, having similar average polymerization degree and low polydispersity. The control over the macromolecular structure of the polymeric derivatives makes it possible to establish the influence of the main chain structure on the properties of these LC materials. The optical properties of the polymers in the glassy nematic phase as thin films obtained by casting and in planar cells were studied. No particular differences between the samples prior to irradiation were evidenced by DSC, XRD, POM, UV-Vis and CD spectroscopy, however a high chirality is induced into the materials by irradiation with l-or r-CPL, as seen by the formation of a strong excitonic couplet and a sharp CD band at 492 nm interpreted as a selective circular Bragg reflection. Also, the POM observation of the irradiated planar cell shows how the initial nematic alignment of azoaromatic chromophores is lost for a new LC organisation similar to a chiral nematic phase.
By changing the handedness of the CPL it is possible to switch between two enantiomeric supramolecular organisation, this implying that the investigated materials could be envisaged as chiroptical supramolecular switches.
The integrated area values of the excitonic couplets centered around 350 nm indicate that the photoinduced chirality is lower in the star polymer than in the linear one. This suggests that the presence of branching acts as a defect in the new photoinduced LC phase, leading to a less ordered chiral supramolecular structure with a lower extent of chirality.
Experimental part
Materials
The monomer 4--methacryloyloxy-hexyloxy-4'-ethoxyazobenzene (M6A) was synthesized as previously reported [27] . Structures, molecular weight distributions, and thermal characterizations of the investigated azobenzene liquid crystalline polymers are shown in Fig. 1 
Physicochemical measurements
Number average molecular weights of the polymers (M n ) and their polydispersity (M w / M n ) were determined in THF solution by SEC using a HPLC Lab Flow 2000 apparatus, equipped with an injector Rheodyne 7725i, a Phenomenex Phenogel 5 micron MXL column and an UV-Vis detector Linear Instruments model UVIS-200, working at 254 nm. Calibration curves were obtained by using several monodisperse polystyrene standards in the range 800-35000.
Phase-transition temperature values of polymers were determined by differential scanning calorimetry (DSC) on a TA Instrument DSC 2920 Modulated apparatus adopting a temperature program consisting of two heating and two cooling ramps starting from room temperature (heating/cooling rate 10°C/min under nitrogen atmosphere) on samples weighing 5-9 mgr. T g values were measured as the midpoint in the heat capacity increase and the other thermal transitions were taken as the maximum of the transition peak.
Texture observation of the liquid crystalline behaviour was carried out with an Zeiss Axioscope2 polarising microscope equipped with a Nikon Coolpix E995 digital camera through crossed polarisers fitted with a Linkam THMS 600 hot stage.
X-ray diffraction (XRD) studies were carried out using a Pinhole camera (Anton-Paar) operating with a point focused Ni-filtered Cu Kα beam. The samples were held in Limdemann glass capillaries (1 mm diameter) and heated, when necessary, with a variable-temperature attachment. The diffraction patterns were collected on a flat photographic film perpendicular to the x-ray beam.
UV-Vis absorption spectra in solution were recorded at 25 °C in the 650-250 nm spectral region with a Perkin-Elmer Lambda 19 spectrophotometer on CHCl 3 solution by using cell path lengths of 0.1 cm. Azobenzene chromophore concentrations of about 3.0x10 -4 mol L -1 were used. The absorption spectra of the films were carried out under the same instrumental conditions as the related solutions.
Circular dichroism (CD) spectra were carried out at 25 °C on a Jasco 810 A Spectrophotometer. With the aim of avoiding optical effects (linear dichroism and linear birefringence) due to a possible anisotropy of orientation in the ordered systems (liquid crystalline native materials and irradiated samples), the polymeric films onto fused silica slides were placed in a rotating holder around the probe beam and six UV-Vis and CD spectra were recorded every 60 degrees. No difference was found among the six CD spectra. Therefore, the measured CD signals were not attributed to optical artefacts.
Polymer film preparation and irradiation with circularly polarized light
Thin films were prepared by casting solutions of the LC polymers in dichloromethane (0.4 mg into 200 μl of solvent) onto clean fused silica slides and subsequently dried at 30 ºC under vacuum during 24 h.
The film thickness, measured by a Tencor P-10 profilometer, was in the range 150-300 nm, so as to give UV-Vis spectra with maximum absorbance values between 0.8 and 1.5, depending on the procedure conditions.
The obtained films were then heated above the clearing temperature (T i ) for 5 min and annealed for 15 min at lower temperature (T annealing /T i around 0.7). Then, the samples were placed on a metal block at 25 ºC for 30 min in order to get a glassy nematic liquid crystalline phase.
The annealed films were irradiated for 30 min with left-or right-circularly polarized light (l-CPL or r-CPL, respectively) from an Ar + laser (power = 20 mW/cm 2 ) at 488 nm. The UV-Vis and CD spectra of all the illuminated films were recorded after keeping the samples in the dark at room temperature for 30 min.
